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     Airway hyperresponsiveness (AHR) is believed to 
refl ect infl ammation in the airways that is rela-

tively specifi c for asthma.  1   The diagnostic evaluation 
for asthma includes measures of AHR, most com-
monly using methacholine provocation. In children 
with sickle cell disease (SCD), AHR is present in 
up to 78% of those tested,  2,3   whereas the prevalence 
of asthma in children with SCD is 20% to 48%.  4-6   
Given that AHR is more prevalent than asthma in 
children with SCD, mechanisms other than asthma-
related infl ammation may be causing this high rate 
of AHR. 

 Among children with HbSS   or sickle cell anemia 
(SCA), a doctor diagnosis of asthma has been associ-
ated with an increased rate of pain, acute chest syn-
drome, and death.  4,5,7,8   Although these data imply that 
asthma has a signifi cant disease-modifying effect in 
children with SCA, characteristics of SCA, such as 
episodes of acute chest syndrome,  9   pulmonary func-
tion abnormalities,  10-12   and chronic respiratory symp-
toms, add complexity to the diagnosis of asthma. Thus, 
it is not clear if descriptions of asthma in these chil-
dren refl ect the presence of two distinct comorbid 
conditions or an asthma-like phenotype secondary 

  Background:    The high prevalence of airway hyperresponsiveness (AHR) among children with 
sickle cell anemia (SCA) remains unexplained. 
  Methods:    To determine the relationship between AHR, features of asthma, and clinical character-
istics of SCA, we conducted a multicenter, prospective cohort study of children with SCA. Dose 
response slope (DRS) was calculated to describe methacholine responsiveness, because 30% of 
participants did not achieve a 20% decrease in FEV 1  after inhalation of the highest methacholine 
concentration, 25 mg/mL. Multiple linear regression analysis was done to identify independent 
predictors of DRS. 
  Results:    Methacholine challenge was performed in 99 children with SCA aged 5.6 to 19.9 years 
(median, 12.8 years). Fifty-four (55%) children had a provocative concentration of methacholine 
producing a 20% decrease in FEV 1   ,  4 mg/mL. In a multivariate analysis, independent associa-
tions were found between increased methacholine responsiveness and age ( P   ,  .001), IgE 
( P   5  .009), and lactate dehydrogenase (LDH) levels ( P   5  .005). There was no association between 
methacholine responsiveness and a parent report of a doctor diagnosis of asthma ( P   5  .986). Other 
characteristics of asthma were not associated with methacholine responsiveness, including posi-
tive skin tests to aeroallergens, exhaled nitric oxide, peripheral blood eosinophil count, and pul-
monary function measures indicating airfl ow obstruction. 
  Conclusions:    In children with SCA, AHR to methacholine is prevalent. Younger age, serum IgE 
concentration, and LDH level, a marker of hemolysis, are associated with AHR. With the excep-
tion of serum IgE, no signs or symptoms of an allergic diathesis are associated with AHR. Although 
the relationship between methacholine responsiveness and LDH suggests that factors related to 
SCA may contribute to AHR, these results will need to be validated in future studies. 
 CHEST 2011; 139(3):563–568 

  Abbreviations:  AHR  5  airway hyperresponsiveness; ATS/DLD  5  American Thoracic Society/Division of Lung 
Diseases; DRS  5  dose response slope; eNO  5  exhaled nitric oxide; LDH  5  lactate dehydrogenase; NO  5  nitric oxide; 
PC 20   5  provocative concentration of methacholine producing a 20% decrease in FEV 1 ; SAC  5  Sleep and Asthma Cohort 
Study; SCA  5  sickle cell anemia; SCD  5  sickle cell disease 
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 Special Considerations for Performing Methacholine 
Challenges in Children with SCA 

 The tests were not performed if (1) resting daytime oxygen 
saturation was  ,  85% on room air; (2) the child had a temperature 
 �  37.9°C; (3) there was a new fi nding on physical examination, 
such as chest crackles; or (4) the child reported pain requiring 
opioid therapy in the last 48 h or an increased dose of opioid ther-
apy if the child was taking these medicines long-term. Tests were 
performed at the discretion of the supervising physician if a child 
reported symptoms of asthma (eg, wheezing, coughing, or chest 
symptoms) or if the baseline FEV 1  was  ,  80% of FEV 1  obtained 
from visit 1. Oxygen saturation was monitored continuously through-
out the procedure. A nasal cannula was placed on participants and 
supplemental oxygen was given if oxygen saturation was  ,  92%. 

 Questionnaire 

 Participants and parents were administered questions pertaining 
to chest symptoms from the American Thoracic Society/Division 
of Lung Diseases (ATS/DLD) questionnaire.  17   Questions about 
wheezing were read to parents as presented in the ATS/DLD 
questionnaire, without additional instruction about the defi nition 
of wheezing. 

 Asthma was defi ned as an answer of “yes” to any of the follow-
ing three questions at the time of study consent: “Has a doctor 
ever said that the participant has asthma?” “Does the participant 
take any asthma medications?” “Does the participant still have 
asthma?” 

 Overreading of Spirometry, Methacholine Challenge 
Results, eNO, and Allergy Skin Testing 

 To ensure ATS criteria were met across the three participating 
sites for spirometry and methacholine challenge, test results were 
overread using the criteria detailed in e-Appendix 1. Similarly, allergy 
skin tests were remeasured by a single investigator to ensure that 
test results were valid. Any invalid tests were excluded from analyses. 

 Statistical Analysis 

 To describe the methacholine responsiveness of all study par-
ticipants, including those with a negative provocative concentra-
tion of methacholine producing a 20% decrease in FEV 1  (PC 20 ) 
(ie, those who did not have a 20% decrease in FEV 1  after inhala-
tion of the highest methacholine concentration, 25 mg/mL), dose 
response slopes (DRSs) were calculated.  18   The numerator of the 
slope was the percent decrease in FEV 1  from the postsaline value 
to the value after the last concentration of methacholine used in 
the challenge. The denominator was the cumulative dose of meth-
acholine calculated from all the doses used in the challenge. Each 
dose was calculated from the concentration (mg/mL) multiplied 
by time (2 min of tidal breathing) multiplied by the delivery rate 
(0.13 mL/min). For example, if a 20% decrease in FEV 1  was 
obtained after a concentration of 0.78 mg/mL, the cumulative dose 
would be 0.381 mg and the DRS was 52.5 (20/0.381); however, if 
a 20% decrease in FEV 1  had not been obtained at 25 mg/mL, then 
the cumulative dose would be 12.675 mg, and if at this stage the 
participant only had a 9% change in FEV 1 , the DRS would be 0.7. 
The slope for each study participant was then ranked (highest 
DRS corresponding to the lowest PC 20  was given the highest rank), 
and the ranked values were used for all analyses. 

 Spearman rank correlation was used to determine the associa-
tion between methacholine responsiveness (ranked DRS) and 
continuous variables. Student  t  test was used to examine the rela-
tionship between yes or no responses to the ATS/DLD question-
naire and DRS. To determine the independent association of 

to SCA. Determining the cause of AHR in children with 
SCA may provide insight into the pathogenesis of 
asthma descriptions in this patient population. In this 
study, we propose to test whether among children 
with SCA hyperresponsiveness to methacholine is 
associated with an allergic diathesis, similar to chil-
dren without SCA.  13-15   

 Materials and Methods 

 Study Design 

 Children with SCA who were 4 to 20 years of age were iden-
tifi ed at three clinical centers and enrolled into the Sleep and 
Asthma Cohort Study (SAC). Children were enrolled without 
regard to past morbidity or doctor diagnosis of asthma. Children 
receiving long-term transfusion or participation in a clinical trial 
evaluating hydroxyurea therapy were excluded. SAC is a National 
Heart, Lung, and Blood Institute-funded prospective, observa-
tional cohort study designed to evaluate the contribution of asthma 
and sleep abnormalities to SCA-related morbidity. Institutional 
approval was obtained from participating sites in St. Louis, 
Missouri; Cleveland, Ohio; and London, England. Informed written 
parental consent was obtained, and children were consented or 
assented according to institutional policies on enrollment. 

 As part of this study, participants completed a questionnaire on 
respiratory tract symptoms and underwent the following tests: 
spirometry before and after bronchodilator, methacholine airway 
challenge, exhaled nitric oxide (eNO), total serum IgE concentra-
tions, allergy skin testing, and peripheral blood eosinophil count. 
Pulmonary function testing, methacholine airway challenge, eNO, 
and allergy skin testing were performed by SAC-certifi ed techni-
cians, and procedures were adopted with permission from meth-
ods used in the Childhood Asthma Research and Education 
Network  16   (see e-Appendix 1 for details on testing procedures, 
including testing of methacholine concentrations at each of the 
three centers). Response to the questionnaires, bronchodilator 
responsiveness, skin testing, eNO, IgE concentrations, and eosino-
phil count were assessed at visit 1. Methacholine airway challenge 
was performed at visit 2, 6 months after visit 1. Methacholine air-
way challenge was performed when the child was well. 
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not resolve with albuterol. Three days later he was 
admitted to the hospital for a pain episode.  20   Follow-
ing this serious adverse event, no further methacho-
line challenges were performed per recommendations 
of the data safety monitoring board. 

 Children were asked to grade the severity of their 
symptoms (mild, moderate, or severe) at the point 
of the highest methacholine concentration adminis-
tered. Respiratory symptoms were common in our 
cohort during methacholine airway challenge and 
most symptoms were mild ( Fig 1  ). Few children 
reported severe respiratory symptoms during testing. 
Of those who did report severe symptoms, shortness 
of breath was the most common complaint. Symp-
toms persisted in only 9% of children after being 
treated with albuterol and were all rated as mild. 

 Results of Methacholine Airway Challenge 

 Methacholine responsiveness occurred at a PC 20  
 �  2 mg/mL in 42% of participants, at  .  2 to 4 mg/mL 
in 12% of participants, at  .  4 to 8 mg/mL in 6% of 
participants, at  .  8 to 25 mg/mL in 9% of participants, 
and was not reached at 25 mg/mL in 30% of partici-
pants. The DRS (% decline in FEV 1 /cumulative dose 
in mg) for methacholine responsiveness ranged from 
535 to 0.01. Responsiveness was associated with age 
at testing (with younger children more responsive, 
 r   5  0.512,  P   ,  .001), but was not affected by hydroxyu-
rea therapy ( P   5  .411), inhaled corticosteroids ( P   5  .488), 
intranasal corticosteroids ( P   5  .391), antihistamines 
( P   5  .584), or sex ( P   5  .361). 

 Univariate Correlations of Methacholine 
Responsiveness and Clinical Characteristics 

 Among children with SCA, methacholine respon-
siveness was associated with few features of asthma 
( Table 1 ). Although methacholine responsiveness was 
correlated with a higher serum IgE concentration, 

clinical features in children with SCA and DRS, variables with an 
association in univariate analyses of at least  P   ,  .10 were entered 
into a multiple linear regression model where DRS was the depen-
dent variable. Age, lactate dehydrogenase (LDH) level, hemoglobin 
level, IgE concentration, FEV 1  % predicted, % change in FEV 1  
after administration of bronchodilator, FEV 1 /FVC % predicted, 
eNO, eosinophil count, number of positive allergy skin tests, and 
WBC count were tested in a univariate model with a Spearman 
rank correlation to determine the relationship with DRS. LDH 
values were ranked for all analyses. Data analysis was performed 
in SAS version 9.1 (SAS Institute; Cary, North Carolina). 

 Results 

 Demographics and Baseline Asthma Characteristics 

 Our cohort consisted of 99 children with SCA who 
underwent successful methacholine airway challenge 
( Table 1  ).  19   The   mean age of the cohort was 13 years 
and 52% were girls. Inhaled corticosteroids were 
used by 22% of children on entry into the study, 
intranasal steroids were used by 12%, and antihista-
mines were used by 4%. Hydroxyurea was used 
by 22% of the study cohort. Skin test reactivity to at 
least one aeroallergen was found in 46% of children, 
and of the aeroallergens tested, the most prevalent 
positive test was grass (24%). The geometric mean 
of IgE concentration was 47 U, and the geometric 
mean of eNO was 10 parts per billion. A positive 
bronchodilator response (increase in FEV 1   �  12%) 
was observed in 15% of participants. 

 Safety of Methacholine Airway Challenge 

 Ninety-eight methacholine airway challenges were 
performed without a serious adverse event. However, 
the 99th child tested had a pain episode that was tem-
porally related to a methacholine challenge. He was 
not hypoxic during the procedure, but he reported 
chest tightness that resolved with albuterol. The fol-
lowing morning the chest tightness recurred and did 

 Table 1— Relationship of Age, Laboratory Data, Allergy Skin Tests, eNO, Baseline Spirometry, and Bronchodilator 
Responsiveness to the DRS of the PC 20  in Children With SCA (n  5  99)  

Characteristic Median of Outcome Range  r  P  Value

Age, y (n  5  99) 12.8 5.6, 19.9  2 0.512  ,  .001
LDH, IU/L (n  5  90) 392.5 14, 1221 0.260 .013
Hemoglobin, g/dL (n  5  97) 8.1 6.0, 12.0  2 0.137 .180
IgE, kU/I (n  5  95) 32.0 2, 1870 0.222 .031
FEV 1 , % predicted  a   (n  5  99) 88.1 55.7, 122.6  2 0.085 .413
Bronchodilator response, % change FEV 1  (n  5  98) 5.8  2 4.0, 26.2 0.129 .211
FEV 1 /FVC, % predicted  a   (n  5  99) 96.0 73.6, 109.8  2 0.045 .664
eNO, ppb (n  5  92) 9.9 3.0, 68.0  2 0.101 .338
Eosinophil, % (n  5  97) 3.0 0, 14  2 0.042 .683
Number of positive skin tests (n  5  96) 0.0 0, 8  2 0.051 .621
WBC, k/mm 3  (n  5  98) 11.3 1.9, 70.6 0.041 .690

DRS  5  dose response slope; eNO  5  exhaled nitric oxide; LDH  5  lactate dehydrogenase; PC 20   5  provocative concentration of methacholine 
producing a 20% decrease in FEV 1 ; ppb  5  parts per billion; SCA  5  sickle cell anemia.
 a Reference values for pulmonary function based on equations from Wang et al.  19  
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underwent methacholine airway challenge, a diagnosis 
of asthma and most objective signs and symptoms of 
asthma were not associated with AHR. Only younger 
age, higher serum IgE concentration, and higher LDH 
level were independently associated with AHR. 

 Few characteristics of asthma were associated with 
methacholine responsiveness in our cohort of children 
with SCA. Among children with well-characterized 
asthma without SCD, there are strong relationships 
between AHR and FEV 1 , FEV 1 /FVC, IgE, eosino-
philia, eNO, and lower respiratory tract symp-
toms.  13,22-24   Moreover, an elevated eosinophil count 
and serum IgE concentration are strongly associated 
with AHR regardless of an asthma diagnosis.  22,25   In our 
study participants with SCA, elevated serum IgE con-
centration was the only feature of asthma that was an 
independent predictor of AHR. Because few allergic 
features or symptoms of asthma are related to AHR in 
our study, testing for AHR as part of an evaluation 
for respiratory symptoms is unlikely to discriminate 
between children with SCA with and without asthma. 

there was no relationship between responsiveness 
and FEV 1  % predicted, FEV 1 /FVC % predicted, bron-
chodilator reactivity, eNO, allergy skin tests, or eosino-
phil count. However, increased methacholine respon-
siveness was correlated to higher LDH ( P   5  .013), a 
measure of hemolysis. 

 Relationship of Methacholine Responsiveness 
to Respiratory Symptoms and Doctor 
Diagnosis of Asthma 

 Symptoms in the ATS/DLD questionnaire were 
largely unrelated to methacholine responsiveness in 
children   with SCA ( Table 2  ). Methacholine respon-
siveness was related to cough in the absence of a cold 
( P   5  .002). However, wheezing in the absence of a 
cold and wheezing associated with exercise, symp-
toms generally believed to be related to presence of 
asthma in children,  21   were not associated with metha-
choline responsiveness. 

 There was no relationship between a doctor diag-
nosis of asthma and methacholine responsiveness 
( P   5  .986). Sixty-seven percent of children with PC 20  
values  �  2 mg/mL did not have a diagnosis of asthma. 
Conversely, 45% of children with a PC 20   .  25 mg/mL 
did have a doctor diagnosis of asthma. 

 LDH, Serum IgE, and Age Are Independent 
Predictors of Methacholine Responsiveness 

 When signifi cant univariate predictors of methacho-
line responsiveness were entered into a multivariate 
model, increased LDH and serum IgE concentra-
tions predicted methacholine responsiveness inde-
pendently of age, which was also associated ( Table 3  ). 
Notably, age was not associated with either hydroxyu-
rea ( P   5  .813) or inhaled corticosteroid use ( P   5  .856). 

 Discussion 

 AHR is a cardinal feature of asthma in children 
without SCD.  13   In a cohort of children with SCA who 

 Table 2— Relationship of American Thoracic 
Society/Division of Lung Diseases Asthma Questions to 

the DRS of PC 20  in Children With SCA  

Symptom % With Event  P  Value

Does the participant usually have a 
 cough with colds?

75 .473

Does he/she usually have a cough 
 without having a cold?

30 .002

Does the participant usually seem 
  congested in the chest or bring up 

phlegm with colds?

63 .585

Does the participant usually seem 
  congested in the chest or bring up 

phlegm without having a cold?

16 .184

Does the participant’s chest ever sound 
  wheezy or whistling when he/she 

has a cold?

51 .903

Does the participant’s chest ever sound 
  wheezy or whistling occasionally even 

without having a cold?

19 .181

Has the participant ever had an attack 
  of wheezing that has caused him/her 

to be short of breath?

26 .903

Has the participant ever had attacks 
  of wheezing after playing hard 

or exercising?

41 .172

See Table 1 for expansion of abbreviations.

 Table 3— Multivariate Regression Model Describing the 
Relationship Between Participant Characteristics 
and PC 20  , Including Univariate Predictors of the 

PC 20  With a  P  Value  ,  .10  

Characteristic  b 95% CI Signifi cance

Age, y 4.590  2 5.797,  2 3.384  ,  .001
LDH, IU/L  2 0.257 0.082, 0.432 .005
IgE, kU/I  2 0.021 0.005, 0.038 .009

See Table 1 for expansion of abbreviations.

  Figure  1. A, Severity of symptoms (none, mild, moderate, severe) 
during methacholine airway challenge in children with sickle cell 
anemia. B, Breakdown of severe symptoms during methacholine 
airway challenge. C, Percentage of children with persistent symp-
toms and no symptoms after reversal with albuterol. Notably, all 
of the persistent symptoms were mild.   
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which may have lessened their signs and symptoms of 
asthma. However, there was no association between 
use of inhaled corticosteroids or hydroxyurea and 
methacholine responsiveness. 

 In summary, AHR is prevalent in children with 
SCA, but related to few characteristics of asthma 
or other atopic disorders. Higher LDH, a marker of 
hemolysis, is associated with AHR, suggesting that 
low NO bioavailability may contribute to AHR in 
children with SCA. Based on these results, assessing 
airway responsiveness may have a limited role in the 
diagnostic evaluation for asthma in children with SCA. 
Future studies are needed to examine the role of 
hemolysis and NO bioavailability in children with 
SCA who develop symptoms consistent with asthma. 
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